Long-term resistance training (RT) may result in a chronic increase in 24-hour energy expenditure (EE) and fat oxidation to a level sufficient to assist in maintaining energy balance and prevent weight gain. However, the impact of a minimal RT program on these parameters in an overweight college age population, a group at high risk for developing obesity, is unknown.
INTRODUCTION
The continued increase in the development of overweight and obesity, combined with the difficulty in treating these conditions, suggests that innovative strategies for obesity prevention need to be developed and evaluated (17) . The college age population represents an important group of individuals at high risk of developing obesity (43, 45) . Reports by many health organizations have recommended resistance exercise training (RT) as an integral part of adult fitness programs (4, 12, 17, 33, 42) . Nevertheless, despite the plethora of investigations that have examined the acute effects of RT on energy expenditure and substrate oxidation, there have been limited investigations of long-term (e.g., 6 months or longer) RT on the chronic adaptations of energy expenditure and substrate oxidation in young adults.
Unlike aerobic exercise, which results in significant increases in energy expenditure during, and for a short time following cessation of the activity, the energy expenditure during RT is relatively low (29, 31) , but the increase in energy expenditure after the cessation of the activity may be elevated (7, 29, 38) . To this end, while there is a plausible basis for using RT as a weight control strategy, results from investigations designed to determine the effect of low volume RT on RMR (2, 5, 22, 36, 39) , twenty-four hour energy expenditure (24-hr EE) (16, 32) and substrate oxidation (40) are scarce and inconsistent. Since, resting metabolic rate (RMR) accounts for the largest proportion of total daily energy expenditure; small changes in RMR could have long-term benefits for weight management (6, 16, 25, 34) . However, RT studies that measured energy expenditure and substrate oxidation within 24-h after the last RT session determined an acute response to RT. Using this method reduces our understanding if an adaptation to RT resulting in a chronic elevation of energy expenditure and fat oxidation has occurred. Since many organizations (4, 12, 17, 33, 42) recommend performing RT sessions 48-72 hours apart it is important to determine the chronic effect of RT on energy expenditure and fat oxidation. Additionally, previous studies have used a greater volume of RT consisting of multiple sets (2-4) than recommended by the American College of Sports Medicine (1 set, 8-12 repetitions, 8-10 exercises) to develop and maintain muscular fitness in untrained individuals (13, 21) . Higher volume, multiple set RT programs may not be attractive or adhered to by sedentary overweight individuals in need of weight management.
Another consideration is that few studies have controlled both pre-measurement energy intake and exercise. This is important for ensuring that subjects are in a similar state of energy balance and fuel repletion at the time of testing, because over and underfeeding have profound effects on energy expenditure and substrate oxidation. The most effective method to evaluate the chronic effects of RT on energy expenditure and substrate oxidation is to study subjects over a 24-h period by using whole room indirect calorimetry, with the application of suitable premeasurement dietary and exercise controls.
The primary objective of this investigation was to evaluate the impact of a supervised 6 month minimal RT program, [1 set, 3-day per week, 9 exercises, 3-6 repetition maximum (RM)] in sedentary young adults on 24-hr EE, RMR, sleep metabolic rate (SMR) and substrate oxidation assessed by whole room indirect calorimetry 72-h after the last RT session. We hypothesized that the minimal RT program would result in an increase in 24-h EE, RMR, SMR, and fat oxidation compared to the non-exercising controls.
SUBJECTS AND METHODS
Participants/Design-Sixty-three overweight (BMI ± 25 kg/m 2 ), young adult men and women volunteered to participate in this study after providing written informed consent. Participants were monetarily compensated for participation. Potential participants who used tobacco products, had a history of chronic disease (i.e. diabetes, heart disease, etc.), elevated blood pressure (>140/90mmHg), lipids (cholesterol > 240 mg·L −1 ; triglycerides >500 mg·L −1 ) (9), fasting glucose (>126 mg·dl −1 ) (11) or were physically active (>2100 kJ·week −1 on the Minnesota Leisure Time Physical Activity Questionnaire (35) were excluded from the study. Participants were matched for fat-free-mass (FFM) (± 0.5kg) and randomized at approximately a 1.5:1 ratio to RT (n = 37) or non-exercise control (C, n = 26). This assignment ratio was in anticipation of greater attrition in the RT group compared to the C group. Both groups were instructed to maintain their normal ad-libitum diet, and normal activities of daily living. Eight participants failed to complete the study protocol (n= 5 RT, n = 3 C). Of the 55 participants who completed the study (n=32 RT, n = 23 C) 39 participants volunteered to complete the whole room calorimeter protocol (n = 22 RT, n = 17 C) and these data are reported in this paper. Twenty-four hour EE, RMR, SMR, substrate oxidation, muscular strength, and body composition were assessed at baseline and after completion of a 6 month supervised RT program. In addition, dietary intake was assessed monthly throughout the RT program. The study protocol was approved by the Institutional Review Board at the University of Kansas-Lawrence.
Procedures
Resistance Training Protocol-RT was performed on 3 non-consecutive days per week for 6 months using Paramount weight stack resistance equipment (Paramount Fitness Corporation, Los Angeles, CA) located in the Energy Balance Laboratory at the University of Kansas-Lawrence. To ensure compliance with the RT protocol all sessions were supervised on a one-on-one basis by experienced laboratory technicians. Participants were informed that an adherence rate of greater than 90% of scheduled sessions was required to remain in the study. Detailed records regarding attendance, number of repetitions performed, resistance used, and the total amount of weight lifted per session were maintained by the training supervisor. Participants performed 1 set of 9 exercises designed to train all major muscle groups (chest press, back extension, lat pull down, triceps extension, shoulder press, leg press, calf raise, leg curl, and abdominal crunch) using a resistance of 3-6 1RM, approximately equal to 85-90% of 1RM. We selected the higher intensity RT program in order to maximize the potential effect on fat-free mass (FFM) and therefore also RMR, SMR and 24-h EE. During the first training session participants were familiarized with the equipment and instructed on proper lifting techniques for all exercises using minimal resistance (~12 -15 RM). On the fourth training day, a resistance eliciting 3-6 RM was determined based on the participant's performance during the initial 3 training periods. All lifts were conducted at two-second concentric and foursecond eccentric movements (33) to decrease the likelihood that momentum was being used to perform the lift and to ensure loading throughout the full range of motion. When more than 6 repetitions were completed using good form for two consecutive exercise sessions, the resistance was increased by approximately 2.25 kg to reduce the maximum number of repetitions to between 3 and 6. The order of exercises (as listed previously) was the same for all training sessions. Each exercise was preceded by a 5 min of upper and lower body stretching, and followed by a 5 min cool down/stretching period.
Assessments
With the exception of dietary intake, all assessments were conducted at the same time of day in both RT and C groups at baseline and following the 6 month intervention period. Post-training assessments for the RT group were conducted 72 hours following completion of the final RT session.
Body Mass/BMI-Body mass was assessed at baseline and 6 months between the hours of 7 and 9 a.m. using a digital scale accurate to ± 0.1 kg (Befour Inc., Model #PS6600, Saukville, WI). The participants were weighed prior to breakfast and after attempting to void and wore a standard hospital gown at the time of weighing. Height was assessed using a wall-mounted stadiometer (Model PE-WM-60-84, Perspective Enterprises, Portage, Mi). BMI was calculated as weight (kg)/height (m 2 ).
Body Composition-Fat-free mass (FFM), fat mass (FM), and percent body fat were assessed using dual energy x-ray absorptiometry (DXA-Lunar DPX-IQ, Madison, WI). DXA exams were performed during the afternoon with the participants clothed in a hospital gown. All females completed a pregnancy test prior to DXA evaluations. DXA is capable of detecting changes in fat-free mass of approximately 1.6 -3.8 % (20) .
Maximal Strength Testing-Prior to beginning the 4 th training session a 1RM strength test for the chest press and leg press, was performed according to the protocol described by Lemmer et al. (25) . Briefly, participants performed a light warm-up of 10 repetitions of the exercise to be evaluated, against minimal resistance. A resistance estimated to be just below the subject's 1RM strength was chosen and the participant was asked to lift the weight one time. If the lift was completed successfully through the full range of motion, the resistance was increased (minimum increment 1.1kg) and another attempt made following a rest period of at least 1 minute. This process was continued until the subject was unable to lift the prescribed resistance. The highest weight lifted was recorded as the 1RM. The 1RM was determined within 5 attempts for each exercise. The test-retest reliability (intraclass correlation) for maximal strength assessment was 0.95 for chest press and 0.94 for leg press.
Twenty-four Hour Energy Expenditure -Room Calorimeter
Room Description-The calorimeter is a small room measuring 2.6m wide, 3.4m long, and 2.58m high, with a total volume of 17,500 liters and is equipped with a couch that folds into a bed, a desk, toilet, entertainment facilities (TV, VCR, computer), telephone, and a stationary bicycle, reducing the volume to 16,300 liters. An airlock (78.1 × 33.7 cm) allows for the passage of food and materials to the subject while inside the room.
Dietary Control for Calorimeter Stay-Three days prior to the calorimeter stay, participants were provided a diet (3 meals and 2 snacks per day) estimated to meet free-living energy requirements in order to maintain weight stability and standardize macronutrient intake. Twenty-four hour energy requirements (kJ/day) were estimated as 2065.16 − (12.90*height in cm) + (13.49*body mass in kg) + (0.03418*grams of lean tissue measured from DXA)*4.186 (8) . The composition of the diet was 30% of energy from fat, 15% from protein, and 55% from carbohydrate. All menus were planned by a registered dietitian and all food was prepared and served at the university cafeteria. Weigh and measure techniques (41) were utilized to document the macronutrient and energy composition of the diet. The two daily between meal snacks contained the same macronutrient composition as the 3 meals. To confirm weight stability (× 1kg), individuals were measured in a standard hospital gown, after voiding and before consumption of breakfast, three days prior to the calorimeter stay, and immediately before entering the calorimeter. During the 3 days prior to the calorimeter stay participants were instructed to maintain their normal daily physical activity patterns and to refrain from performing any RT or aerobic exercise 72 hours prior to entering the calorimeter. This protocol was done specifically to reduce the effect of the last RT session on post-training assessments of energy expenditure and substrate oxidation in the RT group (28) . Participants spent the night before the calorimeter stay in our laboratory dormitory under supervision of the research staff.
Calorimeter stay-Participants entered the calorimeter at 8:00 AM and exited at 7:00 AM the following day. The data was extrapolated to 24-h values. During each stay in the calorimeter, participants consumed a diet with a caloric content designed to achieve energy balance and with the same macronutrient composition as described above. Participants were provided breakfast (8:30AM), lunch (12:30PM), snack (3:00PM), dinner (5:30PM) and a second snack (8:00PM) during the 23-h stay. All food for the calorimeter stay was prepared in the metabolic kitchen registered dietitians. To account for energy expended in normal activities of daily living, an individualized cycle ergometer protocol (75 Watts) designed to expend ~837 kJ per session was performed at 10:30AM, 4:00PM, and 7:00 PM. The number of minutes of exercise required to expend ~837 kJ was calculated using the ACSM metabolic equations (1). Participants were free to move about the calorimeter during other times of the day. However, free time was primarily spent in sedentary activities such as reading, writing, watching TV, or using the computer. Participants were instructed to remain awake and not to nap or perform any exercise other than the cycle ergometer exercise prescribed by the protocol. Participants went to bed at the same time (± 30 min) during each calorimeter stay.
Assessments/Calibration-Total 24-h EE, RMR, SMR and substrate oxidation were determined from oxygen consumption and carbon dioxide production. Gas volumes (SPTD) were assessed from the flow rate and the differences in carbon dioxide and oxygen concentrations between air entering and exiting the calorimeter using Siemens Ultramat/ Oxymat 6 (Siemens, Karlsruhe, Germany) oxygen and carbon dioxide analyzer which is calibrated prior to each test. The oxygen and carbon dioxide analyzers were calibrated with gasses of known concentration prior to each calorimeter stay.
The accuracy and precision of the whole room calorimeter was evaluated monthly by burning propane at variable rates. We consistently observed 97-98% recovery of the predicted values for oxygen consumption and carbon dioxide production. Repeated measures under identical conditions over a short period of time have not been previously completed in our calorimeter. However, in a separate study, when examining repeated measures performed under separate but similar conditions approximately 6 weeks apart, intra-class correlations for 24hr EE, SMR, and RMR was 0.804, 0.718, and 0.70, respectively. Coefficients of variation (CV) for 24hr EE, SMR, and RMR were 4.1, 7.9, and 7.3, respectively. Although the CV values are slightly higher than what has been previously reported, the sample size is considerably larger (n=26), and the time between tests is ~ 6 weeks. Both of which could possibly explain the larger CV for our repeated measures
The operation of the calorimeter was computer controlled. Data were collected continuously and averaged over 15-minute intervals and recorded to a data file. Sleeping metabolic rate was assessed as the average metabolic rate obtained for 1:00 to 5:00 AM. Resting metabolic rate was measured between 6:00 and 6:45 AM with the participant awake, lying quietly on their back. All participants were monitored by research assistants during the calorimeter stay. Urine was collected throughout the calorimeter stay for determination of total nitrogen concentration (37) which was used to assess 24-hr protein oxidation (27) . Energy expenditure and substrate oxidation were calculated from measured oxygen consumption and respiratory quotient (RQ) using the equations of Jequier et al. (18) .
Dietary Intake-Dietary intake was assessed monthly over the course of the intervention using 24-h dietary recalls and 3 day food records (15) performed on one randomly selected day each month. Research assistants were trained by a registered dietitian to conduct standardized, structured interviews using neutral probing questions (10) . To promote accurate reporting of portion sizes, subjects were given 3-dimentional food models (10 
Statistics and Data Analysis-A two-factor (group × time) repeated measures (time)
analysis of variance (ANOVA) was used for main effects. If there was a significant interaction effect of group or time, we employed the Tukey post-hoc test. Student's t-test was used to determine differences for change scores. Statistical significance was defined at P <0.05 for all tests. All values are expressed as mean ± standard error of mean (SEM). Data were analyzed using SAS (8.2, Cary, NC). Using an α level of 0.05 and a sample size of 22 in the RT and 17 in the C group the results provided a 72% statistical power for the interaction effects in 24-h EE and 82% in RMR.
RESULTS
Thirty nine overweight (BMI = 27.7 ± .0.5 kg/m 2 ) adults [N = 22 RT (16 Male, 6 Female); N = 17 C (11 Male, 6 Female)], 85% white, mean age (21.0 ± 0.5 yrs) completed the 6 month study and all baseline and end-study assessments. Adherence to the RT protocol was excellent with participants completing 96 ± 1% of the total prescribed exercise sessions. No participant fell below the 90% adherence rate required to be considered compliant with the RT protocol. The average time to complete each exercise session was 11 ± 1 minutes. No major adverse events occurred during the study in either the RT or C groups. There were no significant baseline differences between groups for any variables assessed. Also, there was no difference between subjects who dropped out of the study and those who completed the study.
Strength (1RM)
As expected, significant between group differences for change in both chest (RT=+ 47.5±4.9%) and leg press strength (RT=+53.7±8.5%) were observed (P<0.001). No change was observed in the C group.
Body mass and composition (Table 1)
Over the 6 month intervention, body mass and BMI increased significantly (P < 0.05) in both RT (weight = 2.9%, BMI = 2.9%) and C groups (weight = 2.9%, BMI = 2.5%), however; differences in change in body mass and BMI between groups were not statistically significant. RT had a significant impact on body composition. The increase in FFM was significantly greater (P< 0.01) in RT (+2.7%) compared with C (−0.6%). Although the between group difference for change in FM was not statistically significant, we observed a significant increase in FM (8.8%, P<0.05) in C and a non-significant increase (3.3%) in RT. The combination of similar increases in body mass, and greater increases in FFM and reduced increase in FM favoring RT compared with C, resulted in a significant between group difference (P <0.05) for change in percent body fat (RT = 0.9%, C = 6.3%).
24-hr EE, RMR, and SMR (Table 2)
There was no between group difference for change in 24-hr EE (P=0.30), however; the increase in 24-hr EE in RT (P<0.05) was double that of the increase in the C group. RT resulted in a significant increase (P< 0.001) in RMR, with a trend for time X group interaction for RMR (P =0.07). SMR increased significantly in RT (P < 0.001) but not in C resulting in a significant between group difference (P<0.05). Change in FFM was positively associated with change in 24-hr EE (r=0.44, P=0.04), RMR (r=0.37, P=0.08) and SMR (r=0.29, P=0.18) in the RT group. Likewise the regression approach (24) was also used to examine the effects of the change in FFM with 24-EE, RMR, and the results of these analyses were similar to those using the ratio method.
There were no significant within or between group differences for change in 24-hr EE/kg FFM. RT resulted in significant increases (P<0.05) in both RMR/kgFFM and SMR/kg FFM, however; the between group differences in change for both of these outcomes were not statistically significant (Figure 1 ).
Substrate oxidation (Table 3, Figure 2)
There were no significant between or within group differences for change in protein, fat or carbohydrate oxidation (g/day). However, changes in RQ assessed during both rest and sleep suggested increased fat oxidation in RT compared with control. SMR-RQ increased slightly in C (0.5%) and decreased significantly (P<0.05) in RT (−1.7%) resulting in a significant difference between groups (P<0.05, Figure 2 ). RMR-RQ was not significantly different between groups, however, RMR-RQ decreased in RT (−1.5%, p=0.15) and increased in C (0.4%) suggesting a favorable trend for increased fat oxidation as a result of RT.
Dietary intake
Differences in reported dietary intake (total energy, carbohydrate, fat, protein) were not significant between the baseline and intervention periods for either RT or C, or between the 2 groups during the intervention. The mean intakes for total energy, and percent of dietary carbohydrate, fat and protein were 9538 kJ/day, 50%, 34%, and 16%, respectively. There was no difference for either group at baseline and 6 months between energy and macronutrient intake during the three days of standardized food prior to or during the calorimeter stay.
DISCUSSION
To our knowledge this is the first study to use a whole room indirect calorimeter to measure changes in 24-h EE, RMR, SMR and substrate oxidation 72-h after the last RT session in response to a long term (6 months), low volume RT program in young overweight adults. Results showed a favorable impact of RT on body composition corresponding to a chronic adaptation of both energy expenditure and fat oxidation.
The favorable results for 24-h energy expenditure suggests that a 6 month minimal RT may have a significant impact on daily energy expenditure. In fact, increases in 24-h EE may potentially result in a negative energy balance of sufficient magnitude to prevent increases in fat mass (25, 34, 40) . Hill et al. (14) estimated that an "energy gap" of only 420KJ per day may be responsible for weight gain in 90% of the population. Reduction or elimination of this energy gap could prevent or reduce body fat gain in the majority of Americans. In the current study subjects in the RT group increased their 24-h EE by ~500kJ and although both groups gained a similar amount of body mass, fat mass increased in C but not in RT. These results suggest that a minimal RT program, such as the one performed in the current study, may increase 24-h EE sufficiently to prevent gains in body fat, despite an increase in body mass resulting from increased FFM. It also is encouraging that the increase in 24-h EE, measured greater than 72-h after the last RT session, suggests a chronic adaptation, rather than an acute effect of RT. Since RT is routinely recommended by health organizations to be performed every other day the fact that even a low volume RT program can provide a sustained increase in energy expenditure may be important for weight management.
Despite the fact the increase in 24-h EE in the RT group was double that of the increase in the C group, the lack of significance between groups may be attributable to the individual variable response to RT for RT (range −1547 to 3009kJ/d) and C (range −1117 to 1356kJ/d). These results may suggest individuals respond differently to RT and that some individuals may require greater volumes of RT to increase energy expenditure. Further, studies evaluating these individual responses to RT are warranted. Another consideration for the lack of difference between groups may be due to the increase energy expenditure in the C as a result of an increase in fat mass. Nevertheless, the fact that a minimal amount of RT can have a meaningful impact on energy expenditure which translates to favorable improvements in body composition supports recommendations by various health organizations to include RT as part of a healthy lifestyle. Additionally, subjects gained weight despite a ~4000kJ difference between reported energy intake (9,538 kJ/d) and measured energy expenditure (~13,330kJ/d). These results support previous research (23, 26) that overweight subjects underreport their energy intake.
The minimal RT protocol described in this study may provide an attractive alternative to either aerobic exercise or multiple set RT programs for weight management in busy young adults, due to the minimal time commitment (11 min/session) and the fact that participants did not need to change clothes or shower. In fact, compared to the energy expenditure of the American College of Sports Medicine recommended 30 min endurance exercise (~1500kJ)(8) a session of RT is relatively low (~650kJ) (30) . However, the long-term adaptation to RT through increases in FFM and reductions in FM as seen in the current study provide an alternative approach to managing fat mass gain often seen in the college aged population, a group at high risk for developing obesity.
The ~7% increase in RMR and SMR are in agreement with other studies using single (25, 34) and multiple (3, 6, 16) sets. Further, increased energy expenditure as a result of RT observed in this study is at least partially a function of increased FFM, as indicated by the positive correlation for change in FFM and change in 24-hr EE, RMR and SMR. However, RMR and SMR both increased as a result of RT after adjustment for FFM, suggesting that other factors may also be contributing to the increase. Although not measured in this study, myofibrillar protein turnover (19) could increase both SMR and RMR and has been shown to account for as much as 20% of RMR (44) . Additionally, sympathetic nervous system activity may be related to changes in SMR and RMR. For example, low volume RT has been shown to increase muscle sympathetic nerve activity (34) and to elevate rates of muscle protein synthesis and breakdown up to 48-h post-exercise.
Twenty-four hour fat oxidation (g/day) increased slightly with RT (1.3%) and decreased in C (−12.9%); however, neither between nor within group differences were statistically significant. The lack of significant change may be due to the smaller number of subjects or a need for a greater volume of exercise. Additionally, changes in fat oxidation may be effected by the energy and macronutrient balance in the indirect calorimeter. Every attempt was made to keep subjects in energy balance by having subjects eat a standardized diet three days prior to the chamber stay and during the chamber stay. Both groups were underfed ~8% at baseline and end study while the macronutrient oxidation rates in the chamber for fat (26%), carbohydrate (~65%) and protein (~10%) were slightly different than standardized diet of 30% fat, 55% carbohydrates, and 15% protein. These differences are most likely due to the underfeeding. Nevertheless, since both groups were fed identical standardized diets before and during the chamber with no difference between groups then the differences between groups for energy expenditure and substrate oxidation are most likely due to the intervention rather than composition of the diet. It is important to note, however, that the changes in both RMR-RQ and SMR-RQ (i.e. increased in C and decreased in RT) are consistent with the 24-hr fat oxidation data. Increased fat oxidation with RT may also be a result of increased sympathetic nervous system activity, as plasma norepinephrine has been shown to increase after RT in men (34) . The positive influence of even a small amount of RT on fat oxidation suggests an important role of RT on body mass management.
In conclusion, a minimal RT program, performed over 6 months, produced significant increases in components of 24-hr EE (RMR and SMR) and a favorable increase in 24-hr EE. In addition, observed changes in both RMR-RQ and SMR-RQ suggested a potential for increased fat oxidation as a result of RT. Together these findings suggest that a minimal RT program may provide a sufficient stimulus to impact energy balance, and prevent long-term weight or body fat gain in sedentary, overweight, young adults. Further, the minimal RT protocol described in this study may provide an attractive alternative to either aerobic exercise or multiple set RT programs for weight management in busy young adults, due to the minimal time commitment. Studies with larger samples of both men and women are needed to assess potential gender differences in the energy expenditure and substrate oxidation response to minimal RT and to elucidate the impact of such programs on substrate oxidation and total and free living physical activity energy expenditure perhaps employing the use of doubly labeled water. Relative change in twenty-four hour energy expenditure (24-h-EE), resting metabolic rate (RMR), and sleeping metabolic rate (SMR) expressed per kilogram of fat-free mass.
Values are means ± SE. *Significantly different within group, P<0.05. Relative change in respiratory quotient measured during assessment of resting (RMR-RQ) and sleeping metabolic rate (SMR-RQ).
Values are means ± SE. *Significantly different within group, # between groups, P<0.05. Table 1 Body weight and composition at baseline and 6 months. Twenty-four-hour, rest and sleep energy expenditure at baseline and 6 months Table 3 Substrate oxidation at baseline and 6 months. 
